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Abstract  .  .  .. 

Practical  limitations  associated  with  the  use  of  JJ-JUSty  '“alidmm'Semf  and  corresponding 

ptee  Doppler  interferometry  technique  me  drscu  errors  account  for  die 

S"dve°iSo™  l  SSSSE-*  -  1  Ph“‘  D0PPl”  “Chn',UeS 

at  small  beam  waist  to  droplet  size  ratios. 


Introduction  < 

Phase  Doppler  interferometry,  which  is  a ,  single “un“f,  “ ^  m'eTtSto'only  one  droplet  is 

ds  k  por  ^i-asrjsi 

droplet  sizes  are  relatively  large,  the  laser  beam  waist  mus  this  approach,  there  are  however 

droplet  size  being  measured.  While  diameter'  One  of  the  most  arduous 

several  issues  that  arise  when  measuring  becomes  Comparable  to,  or  smaller  than  the  probe 

problems  of  the  PDI  technique  when  the  droplet^eb  ^  ^  J?  ^  also  received  the  most  attention 
diameter  has  been  referred  to  as  trajectory  ^  been  demonstrated  that  accurate  size  measurements 

in  the  literature  in  the  past  several  years  [1,2],  has  als0  been  demonstrated  that 

can  be  made  at  probe  to  droplet  size  rabos  D W  *■>*  can  be  "V 

trajectory  errors  due  to  reflective  contnbuti .ons  to  the  scan  technique  [1],  The  phase  ratio 

combination  of  a  3-detector  phase  ratio  cntem  an^an  m  ^  shown  t0  eliminate  large  drop  ets 

validation  criteria  using  a  non-integer  detecto  p  t  validation  criteria  prevents  small  droplets 

being  erroneously  reported  as  smallei _dropkts.  The  m  J  intensity  validation  provides  a 

SSffl  ~ which  is  needed  for  calculatlon 

the  spray  mass  flux. 

be  addressed  include; 

i)  instrument  limitations  for  short  Doppler  burst  times. 

|  SI  v“ycoSo„  factors  appropriate  for  large  droplet  to  probe  sire  ratios, 
iv)  Jhase  variance  as  droplets  pass  through  the  probe  volume. 


*  To  whom  correspondence  should  be  addressed 


Transit  Time  Limitations 

Without  having  the  ability  to  —  mnitipl.  particles  'Z£Z’1£ Volume  is 

the  probe  volume  be  reduced  until  the  probabthty  of  finding  J“s  ™"  er  ^  ^  si2e  of  the 

negligibly  small-  ^  ** 

droplet  being  measured  as  demonstrated  by  Haugen  •  L  i-  intensity  and  minimizing  sizing 

forward  scattering  region  is  advantageous  m  ^umzmgh^« ** ^^Xtion.  In  the  forward 
errors  due  to  the  presence  of  unwanted  scattering  m  cted  light  reaching  the  receiving  optics 

scattering  region,  refracted  light  is  used  or  r0P  ®  ■  illustrated  in  Figure  1.  All  other  rays  incident 

originates  from  a  very  small  area  on  the  face  of  P’  ■  ,ue  entire  droplet.  In  essence, 

“dte  droplet  am  refunded  elsewhere,  thus  it  is  not *****  »  Zge  of  the  hinge 

The  size  and  shape  of  the  projected  are.  -  * t-M 

and  for  the  Aerometrics  PDPA  system  with  f5.0  g  The  height  of  the  projected  area  is  somewhat 

projected  area  is  approximately  10%  of  the  droplet  The  shape  of  the 

less,  since  the  Ught  entering  the  receiving  lens  is  directed  to ™  f  ”  .  h)  f  approximately  2.5  for 
detector  apertums  is  rough!,  rectangular  wtth  an  aspearano  (wtddr  m  ^  ^  of  ,  300  pm 

s*ace  of  the  droplet  30  pm  wide  in  the  sonneting  plane, 

by  12  pm  normal  to  the  scattering  plane  for  jletector  1. 

The  detected  scattered  light  from  the  projected  ^  also  ref^^^  only  slightly  over 

average  intensity  and  phase  over  this  region.  ,  y’  .  diameter  of  the  probe  beams  approaches  the 

sss  ™s  tes  ~  a 

fundamental  limitation  on  the  minimum  useable  probe  beam  diameter. 

The  minimum  usable  probe  diameter  is  limbed 

of  the  instrument.  For  the  Aerometncs  DSA,  which  is  an  FFT  based  rf  ^  sample  size  At  a 

that  the  rms  phase  measurement  error  is  inversely  proportional  Qn  was  measured  t0  be  1.8°  for 

signal-tomoise  ratio  of  OdB^die  rms  phase  error &  ^  ^  error  of  3>6o.  Currently  the  DSA 
a  sample  size  of  128.  A  sample  size  of  3  a  minimum  transit  time  of  0.2  psec  for  a 

has  a  maximum  sampling  rate  of  160  MHz.  y  trigger  the  sampling 

droplet .raveling  on  a  trajectory  in  which  the  intem^non nsgton  wouM  P*>s  to-ngh* «  maJ£ 
probe  diameter,  the  maximum  velocty  for  sme  measuremen  would  be  300  »  P  where  the 

velocity  would  be  somewhat  lower  for  droplets  passing  through  the  edge  of  Oe  Pjooe  vo 
detectable  path  length  would  be  shorter  by  a  factor  of  about  two  ^ b^  Dw 

maximum  velocity  which  would  provide  detectability  over  t  e  en  mQst  applications.  Very 

smdlTodp7e^  diameter  sm^ler  Ln  Dw  due  to  limitations  on  signal  triggering 


wuhin  the  DSA  and  may  only  be  detectable  to,  trajectories  through  the  center 
be  discussed  later. 


of  the  probe  volume,  as  will 


Signal  Visibility  Effects 

Another  concern  when  —  droplets  that 

visibility  for  the  refracUvely  scattered  lLght  yp1  g  .  defined  by  Equation  1,  is  a  function  of 

i  -i  ■  a) 

Vis  =  -™  — 

■^max  +  ^min 

For  small  droplets  with  an  interrogation  region This 
nearly  one,  meaning  that  the  Doppler  burst  sig  m  the  DSA  t0  remove  the  DC  pedestal 

is  important  because  the  Doppler  burst  signal  is  high-pas  interrogation  region  approaches  the 

component  before  sampling.  As  the  dr0Plet  ^ze  ^re^  * 1  visibility,  however, will  still  be  very 

fringe  spacing,  the  refractive  visibility  approaches no.  refraction.  Thus,  for  a 

large/  because  the  interrogation  spot  size  r  scattered  light  intensity  might  be  much  larger  for 

large  droplet,  even  though  the  absolute  mai  .  resulti  |om  ^  coherent  interaction  of  the  two 

refraction  than  reflection,  the  resultant  slSnal™  ohenonfenon  will  affect  PDI  measurements  with 

scattering  modes  will  be  dominated  by  reflection.  Tfo  p  important  that  the  refractive  signal 

p^f  sca,,.rii  —  PD,  sysmms. 


Temporal  Phase  V ariance 

Severn,  theoretic*,  -ies  have  shown  *a,  *^*"£*££531 ™ 
droplet  location  along  a  given  trajectory  as  well  as  with  J  through  the  probe  volume 

even  for  trajectories  normal  to  the  scattering refraction  (p=l)  and  reflection 
normal  to  the  scattering  plane,  the  location  of ui  g  of  location  along  the  trajectory. 

(p=0)  with  respect  to  the  center  of  the  probe  volu  .  8  scattering  intensity  of  each 

As  the  location  of  each  of  the  interrogation  dropiet  passes  through  the  probe 

scattering  component.  This  results  in  a g™  ***%%[  ?Zpaper  was  used  to  study  this  effect  by 
volume.  The  geometric  optics  m0  J •  ^he  10  i  defined  probe  volume  while  calculating  the 

30  to  -30  pm,  where  z  is  the  trajectory  coordinate  normal  to  the  scattering  plane. 

It  was  found  that  the  maximum  variance  in  the  phase  shift o^Sarthestfromfiilieceiver.  This  is  what 

always  occurred  for  trajectories  along  the  e  ge  o  t  ®  P™  ®  contributions  to  the  total  scattered  light  signal 

one  might  expect,  since  this  is  the  trajectory  where  reflective  c0™«ns !  “  of  the  average  <p12  as  a 
are  maximized.  Figure  3  is  a  plot  of  the  variance  in  ex presse  ^  Table  j  Droplets  much  smaller 

function  of  droplet  diameter  for  the  optical  c°nflg’^  »  alt  of  the  nearly  uniform  illumination  of 
than  the  probe  diameter  display  very  little  %  relative  reflective  contribution 

these  small  droplets.  As  droplet  size  an  increase  in  the  phase 

increases  for  trajectories  along  e  ar  e  g  droplet  size  further  increases,  the  reflective 

variation  as  the  droplet  traverses  the  probe  volume.  Ai 3  the s  4 ^  P  areas  beginning  to 

contribution  begins  to  decrease  because  the  reflective  and  r  ^  beam  diameter,  there  are 

Rectories.  Within  the  10:1  intensity  range,  there  are 


interrogation  region  which  is  approaching  the  beam  waist  diameter. 

The  effect  of  phase  variance  on  the  response  of  the  instrument  is  strong  j^and  a  droplet 

sampled  Doppler  burst  and  the  droplet  velocity  For  a  ^^mum  sample  Urn  ^  ^  ^  path 

^"gwfLr.se  the'sTgnal  ,o  noise  ratio  of  the  Fourier  Wormed 
signal,  but  would  not  cause  a  substantial  measurement  error. 

Probe  Volume  Correction  (PVC) 

Conventional  PVC 

Due  to  the  name  of  .he  Gaussian  rniensiiy  dis, »j“°"  “  ^  Toss 

larger  than  the  wavelength  of  light  scatter  Ug  m  pr  p  Heine  measured  [7]  Larger  particles 

sectional  area  of  the  probe  volume  varies  with  the  particle  diameter  ^  ^ 

will  scatter  more  light  and  therefore  be  detected  further  out  from  ft* Renter  o  p  ^  ^ 

smaller  particles.  A  correction  factor,  own  cLren^PVC  is  based  on  either  an  analytical  correction  or  a 
DSA  software  and  takes  this  into  account.  Th  oarticle  size  class  and  assumes 

transit  time  correction  which  measures  the  maximum  pa  g  “corrected”  number  of 

that  this  length  is  equal  to  the  maximum  probe  diameter  for  that  size  class. 

counts  in  each  size  class  is  calculated  as; 


ne(D)  =  n(D) 


UP) 


where  LmM  is  the  maximum  path  length  'h1®^*  jg^Thhfpvc  Itoesmm  however, 

therefore  needed. 


Signal  Dynamic  Range  and  Intensity  Based  PVC 

ssisiasssss 

“i£S  of  25,000  to  i.  The  DSA  is  current.,  only  capahie  of  measuring  a 

scattered  light  intensity  range  of  1,000  to  1. 

^asel  in  Table  1  and  a  droplet  size  range  of  50:1,  the  maximum  droplet  size  is  havin<J  a 

“•  nrnnle.ts  lareer  than  103  urn  will  tend  to  saturate  the  instrument  with  a  310  (im  drop  °  f 

LS  —  -Shtensity  of  4.500  mv.  I,  is  no,  impomnt  tha,  we  know  the  mtenstty  of 


css 

signal-to-noise  ratio  or  the  accuracy  of  the  phase  measuremen  . 

p  /  n  i im  (fnr  a  50*1  ranee)  would  yield  a  maximum  scattering 
The  smallest  measurable  droplet  size  of  6.  |xm  .  abcfut  0.5  mv,  but  the  minimum  intensity 

intensity  of  1.8  mv.  The  minimum  measurable £  let  sizes  wlth  a  scattering  intensity  less  than 
required  to  produce  an  mstrument  trigger  is  •  intensit  Pnge  a  correction  factor  must  be  employed 
1  mv  within  the  probe  volume  define  y  •  oyer  which  measurements  may  be  made.  For  the 

which  accounts  for  the  reduced  probe  cross-sectio  a  maximum  scattering  intensity  of  10 

optical  configuration  studied  here,  a  14.6  ^  roP  P  volume  correction  factor  must  be  employed. 

Z  of  ,he 

probe  beam  at  which  the  scattering  intensity  equals  1  mv. 

Sin.  ^ 

Equation  3; 

_L-expl~~8y—  (3) 

1.  T  Dl  J 

Xeusteeinte^^ 

"ITt  a  petd^scaatering  bitensity  of  10  mv.  tKe  probe  diameter  a,  tee  1  m,  detect, on 

limit  would  bej 


Dw  = 


'21.32 


D  <  14.6  jim 


For  droplets  larger  man  ,4.6  pm.  D»  is  fixed  at  64  pm  A  plot  of  ^^0"ro-^ 
— ■»  eomSnt  a,  64  pm  for  droplets  between 

“ ? 3 U  ^  STsm2 droplets  Equation  4  is  used.  The analytical! PVC  cnrently  employed  tn 
the  DSA  software  has  a  probe  diameter  continuously  increasing  wit  rop  e 


Implementation  of  Intensity  Validation 

intensity  line  then  follows  an  I  °=  D2  relationship  for  the  other  particle  size  classes. 

2nm  intensity  reading  in  each  size  class  falls  upon  d*  upper  ^fty  tess  to  10%  of  tee 

^rntteSr-SrPYC  S£“c»n  teen  be  employed  ,0  account  for  tee  smaller  probe 


flayer  for  droplets  loss  to  14.6  pm  in  diam«.  Tire  probe  cross-sectional  area  is  then  calculated  with 
Equation  5  using  the  probe  diameter,  as  given  in  Fig.  4. 

A=A_£r.  .  <5) 

sin(0) 


The  corrected 


number  of  counts  for  each  size  class  is  given  by  Equation  6, 


where  Ao.,„  is  the  probe  area  calculated  with  the  beam  waist  diameter  (64  pm)  at  the  lower  intensity  cutoff 
for  droplets  larger  than  14.6  pm  in  diameter. 

Another  benefit  of  this  technique  is  that  it  the  PMT 

power.  Several  studies  have  been  done  in  ep^  ^  feedback  of  the  intensity  validation  method 

PMT  voltage  to  match  that  relationship. 

The  intensity  validation  scheme  described 


Spray  Measurements 

using  the  10:1  intensity  validation 

performed  to  demonstrate  the  technique.  e  m  wdb  10-45°  nozzle  operated  at  0.34  MPa  and 

in  Part  I  of  this  paper.  The  spray  was  and  ^  flux  were  made  „  a 

at  atmospheric  back-pressure.  Measurem  p  ’  downstream  of  the  injection  point, 

function  of  radial  position  in  the  spray  at  a  location  ot  tu  cm  ^  (sa$e  ^  Table  1}  and  a 

Measurements  were  made  with  both  the  current  sma  p  intensity  validation.  Measurements 

more  “conventional”  probe  volume  (case  2  T**  IV™* a  collection  tube.  The 
of  volume  flux  are  presented  in  Figure  5  along with  the ^  ^  ^  and 

accuracy  of  tha>  collection  tube  measuremen  was  in  tearated  collection  tube  measurement  was  8%  lower 
comparing  it«e  measured  injected  flowrate. J*  intensity  validation,  the  PDI 

than  the  measured  injected  flowrate.  As  can  be  seen  in  the  figure  wimoutm^^  y_^  ^  probe 

measured  volume  flux  is  much  larger  than  t  e  c°  ®c  ,  f  ’h  obe  vojume  and  being 

volume.  This  is  a  result  of  volume  flux.  Good 

erroneously  measured  as  much  larg  p  >  „  ,  b  volume  flux  measured  with  the  small 

agreement  between  the  collection  tube  measured  voiume  flux  and  th e  volume  n  experiments 

pfobe  volume  and  10:1  inmnsiiy  than  150  pm  to 

were  conducted  with  a  detector  separat  .  •  t  under  150  urn.  For  this  case, 

be  measured  as  smaller  droplets,  the  maximum  valid  droplet  sizewasjustunder  \m 
intensity  validation  alone  would  be  sufficient  to  reject  erroneous  measurements. 

Figure  6  is  a  scatter  plot  droplet  diameter  vert#  the  square  root  of  mS 

position  of  0.0  mm.  figure  6  is  similar  to  what  is  viewed  wtth  the OS A  soft w^Alsosn,  ^  ^  ^ 

and  low  intensity  lines.  The  suspect  panicles  are  0“  arge^  a  t0  usintI  intensity  validation  which 
scattering  intensities,  figure  6  afco  reveals  another  mponam  advanmge  »  occurrences,  a 

is  the  ability  to  detect  multiple  droplet  occurrences  in  the  probe  volume,  ror  single  f 


sharp  cutoff  in  the  data  near  the  maximum  sc^temgta»  would  more  ifght,  multiple 

rPs  r.  — 8 — ^  -  ■«« ■— > 

line. 

Figure  7  is  a  histogram  of  the  relative  volume  'J^^Sibadon  in  a  real  spray 

without  intensity  validation,  demonstrahng  the  s  ?  r  ^  »  with  ,  droplet  sire  of 

for  with  the  larger  beam  waist  diameter. 

Conclusions 

Although  there  are  certain  practical  limitations  on  S 

detection  schemes  are  quite  capable  of  making  accura  signal  visibility  can  be  overcome  by 

probe  diameters  and  high  flow  velocities  Optic  Droplefs  much  larger  than  the  beam  waist 

proper  selection  of  the  beam  crossing  ang  e  or  e  p  '  based  vaiidation  criteria  are  used.  An 
can  be  measured  when  a  combination  of  phase  ratio  y  provide  a  simple  and  robust  way  to 

intensity  based  probe  volume  correction  factor  tos i  abo ^bee  h  P  m  alsQP  provides  a  tractable 
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Nomenclature 

A 

probe  cross-sectional  area  (pm2) 

c 

number  of  counts 

cc 

corrected  number  of  counts 

D 

droplet  diameter  (pm) 

Ds 

apparent  slit  width  (pm) 

Dw 

l/e2  beam  waist  diameter  (pm) 

Dwio% 

probe  diameter  at  1/10*  of  Imax(pin) 

Dw' 

probe  diameter  (pm) 

I 

intensity 

Io 

intensity  at  beam  center 

Imax 

maximum  signal  intensity 

Imin 

minimum  signal  intensity 

Lmax 

maximum  path  length  (pm) 

L(D) 

path  length  (pm) 

N 

droplet  dumber  density  (cc-1) 

y' 

distance  from  center  of  beam  waist  (pm) 

<P 

phase  difference 

e 

scattering  angle 

Subscripts 

12  . 

denotes  detectors  1  and  2 

13 

denoteslletectors  1  and  3 

Table  1 :  Optical  configuration  for  experiments  and  model  calculations. 


Case  1 

Case2 

Beam  Separation  (mm) 

21 

20 

Transmitter  Focal  Length  (mm) 

470 

500 

Receiver  Focal  Length  (mm) 

500 

500 

Scattering  Angle  (deg) 

30 

30 

Initial  Beam  Diameter  (mm) 

9.6 

2.0 

1/e2  Beam  Waist  Diameter  (pm) 

60 

352 

Slit  Width  (um) 

50 

100 

Receiver  Magnification 

2.0 

2.0 

Receiver  Lens  Diameter  (mm) 

105 

105 

Laser  Wavelength  (nm) 

514.5 

514.5 

Fringe  Spacing  (pm) 

11.52 

12.87 

S12  (mm) 

23.34 

23.34 

Sn  (mm) 

69.00 

69.00 

Sl3/Sl2 

2.96 

2.96 

Sample  Rate  (MHz) 

160 

40 

Sample  Size 

64 

64 

Threshold  (mv) 

3.0 

3.0 

Area  of  Particle 


Figure  Is  Illustration  of  ray  paths  reaching  the 
receiver  lens. 


Figure  2:  Typical  Doppler  burst  signal 
with  a  visibility  of  0.5. 


D  (um) 


Figure  3:  Maximum  phase  variance  expressed  as  a 
percentage  of  the  average  phase  from  Jetectors  1-2  as  a 
function  of  droplet  diameter.  Optical  configuration  ofcase 
1,  Table  1. 
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Figure  4:  Calculated  probe  diameter  (Dw')  versed 
droplet  diameter;  analytical  PVC  and  10:1  intensity 
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Figure  5:  Volume  flux  vs.  radial  position,  Delavan 
WDB 10-45°,  P=0.34  MPa,  Z=10  cm. 
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Figure  6:  Scatter  plot  of  droplet  diameter  vs.  .Square 
root  of  intensity,  Delavan  WDBlO-450,  P=0.34  MPa, 
Z=10  cm,  r=0.0  mm. 
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Figure  7:  Histograms  of  relative  volume 
percentage,  Delavan  WDB  10-45°,  P=0.34  MPa, 
Z=10  cm,  r=0.0  mm;  (a)  without  intensity 
validation  and  (b)  with  intensity  validation. 


